Orientation behavior and deformation mechanism
of polyethylene gels during cold drawing
determined by in situ Raman spectroscopy
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In situ Raman spectroscopy has been used to investigate uniaxial stretching of polyethylene (PE)
gels with various PE contents. Molecular orientation of the crystalline chains proceeds beyond the
yield point and higher orientation is attained for PE gels with higher PE content, but orientation
perpendicular to the stretching direction persists up to the highly stretched region. This biaxial
orientation is essentially the same irrespective of the PE content, and it can be explained by the
inhomogeneity embedded in the PE gel. The PE content dependence of the second-rank orientation
parameter <P>> at high strain is similar to that of the dynamical mechanical properties, suggesting
that the deformation mechanism is consistent during the entire stretching process from the elastic

region to the highly stretched region.
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Introduction

Since formation of fibers with high modulus and strength from a polyethylene (PE) gel of
ultra-high-molecular-weight polyethylene (UHMWPE) by drawing up to extremely high draw ratio
was reported [1,2], there has been growing interest in the scientific and industrial aspects of PE gels.
It has been found that gel drawing is suitable for producing highly oriented fibers and films. PE gels
are formed by dissolving PE resin in solvents such as liquid paraffin and decalin followed by
drawing at high extensional ratios. The uniaxially drawn fibers are highly oriented, and the modulus
and strength are extremely high owing to the minimum network between lamellae crystallites, which
are spontaneously formed under dilute conditions [3,4]. Because gel drawing produces porous
structures with sizes of several dozens of nanometers, gel drawn films can be used as the separator
films of small electronics and automotive batteries [5]. The gelation/crystallization mechanisms for
generation of the cellular structure have been investigated. Quenched PE solutions show phase

separation into PE-rich and PE-poor phases, followed by crystallization in the PE-rich phase [6,7].



Crystallization in bulk PE generates spherulitic structures, but the morphology in phase-separated
systems strongly depends on the PE content: a single crystal mat is formed in dilute solution [8] and
cellular structures composed of stacked lamellae are formed in semi-dilute or more concentrated
solutions [9-11].

The superstructures undergo various deformations during cold drawing of bulk semi-crystalline
polymers [12], such as fragmentation of lamellar crystals and subsequent fibrillation. The
morphological and structural changes in PE gels during deformation have been investigated by
scanning electron microscopy (SEM) and wide- and small-angle X-ray scattering (WAXD and
SAXS) [13,14]. It has been reported that the sponge-like cellular structures in undrawn specimens
are converted into fibrillar structures [2,9]. During gel drawing, the width of the crystallites
appreciably decreases with increasing extensional ratio, resulting in a decrease in the fiber diameter
[3].

Spectroscopic techniques are powerful tools for investigating the molecular structural changes in
polymeric systems, because infrared and Raman spectroscopy are sensitive to microscopic structural
changes in both the crystalline and amorphous phases [15-17]. Because the skeletal C—C stretching
mode is strongly Raman active, microscopic deformation of the main chain of PE can be directly
investigated by Raman spectroscopy. These spectroscopic techniques are also suitable for in situ
measurements owing to the flexibility and versatility of the experimental setup. Because PE gels
show substantial recovery after unloading the specimen owing to their elastic nature, in situ
spectroscopic measurements of deformation at the molecular level give direct evidence of the
intrinsic mechanism of deformation excluding the effect of stress relaxation after unloading the
specimen.

The increase of the molecular weight between the entanglement points (Me) in the amorphous
phase of PE resin is responsible for the high drawability of PE gels. Because there is a power law
relation between M. and the volume fraction ¢ (Me ~ ¢'%) [18], a decrease of the PE content results
in an increase of M.. According to the elastic theory of rubbers, the maximum extensional ratio Amax
is proportional to M. The combination of these two relations predicts that Amax ~ ¢ %, which is
consistent with the experimental observation that Amax ~ ¢ %7 [19-22]. This suggests that an increase
in the concentration of the PE resin results in an increase in entanglement [22], which influences the
deformation mechanism during gel drawing.

In this study, we used Raman spectroscopy to monitor the molecular orientation of PE gels with
various PE contents in situ during the entire stretching process. The orientation parameters were
determined by polarized Raman spectroscopy and the orientation distribution of crystalline PE
chains was also determined. We discuss the effect of the PE content on the mechanical and

rheological properties, as well as the structure and morphology.



Experimental

High-density polyethylene (HDPE) with a molecular weight My = 3.0 x 10° and Mw/Mx = 6.0
(Toray Industries, Inc., Tokyo, Japan) was used as the resin. Liquid paraffin (LP) with My, = 453 and
kinetic viscosity of 50.7 mm?/s was used as the solvent. Dibutylhydroxytoluene and ADK STAB
AO-60 (ADEKA Cooperation, Tokyo, Japan) were added as antioxidants at concentrations of 1.0
and 0.7 wt% of the resin, respectively. The PE gel films were prepared by gelation/crystallization
from solution as follows. The mixture of the PE resin, LP, and the antioxidants was kneaded at 100
rpm and 180°C for 5 min with a batch kneader. The kneaded PE solution was compression molded at
180°C and 20 MPa for 5 min using a laboratory hot press and then quenched at 25°C with a cold
press. The thickness of the PE gel sheet was about 1 mm.

The dried PE gel films were prepared by removing LP as follows. Soxhlet extraction of the wet
PE gel was performed with n-hexane as the extraction solvent for 24 h. The samples were then
immersed in p-xylene to fill the cellular structures of the PE gels with the solvent. The PE gels were
then immediately frozen in liquid nitrogen and dried under vacuum at 0 °C to sublimate p-xylene.
The dried PE gels were obtained by drying under vacuum at 50 °C to remove the residual solvent.

The WAXD measurements of the dry and wet PE gels were performed with an X-ray
diffractometer (RINT2500, Rigaku). Dynamic mechanical analysis (DMA) of the wet PE gels was
performed with a dynamic mechanical analyzer (DVE-V4, UBM) at a frequency of 10 Hz in the
temperature range from —150 to 140°C at a heating rate of 2 °C/min. Rectangular specimens with a
width of 5 mm and a length of 30 mm were used. For the SEM observations, the dried PE gels were
sputter-coated with Au-Pd alloy in vacuum, and the scanning electron microscope (S-4500,

HITACHI) was operated at an accelerating voltage of 2.0 kV.

Table 1. Characteristics of the PE gels.

Sample code PE conc. /wt% LP conc. /wt%

PE/LP(29/71) 29 71
PE/LP(35/65) 35 65
PE/LP(42/58) 42 58
PE/LP(50/50) 50 50
PE/LP(57/43) 57 43
PE/LP(64/36) 64 36
PE/LP(70/30) 70 30




The uniaxial tensile tests of the wet PE gels were performed with a tensile machine (Model 4466,
Instron) at 25°C and a strain rate of 0.5 min~!. Dumbbell-shaped specimens with a gauge length of 6
mm and a width of 4 mm were cut from the PE gel sheets.

A rheo-Raman apparatus developed by ourselves was used in this study. The details of the
experimental setup are described elsewhere [23,24]. A diode-pumped solid-state laser (RLK-640-200,
LASOS) was used as the excitation light source. The wavelength and power of the laser were 639.7
nm and 200 mW, respectively. The laser was monochromated with a laser line filter and irradiated at
the central portion of the specimen. A custom-made tensile machine with a double drawing
mechanism was used for the tensile tests, and the laser spot was irradiated at the center of the
specimen during the entire tensile test. Notch-shaped specimens with a gauge length of 2 mm and a
width of 4 mm were cut from the wet PE gel sheets. The experiments were performed at 20°C with a
strain rate of 0.5 min~!. The backward-scattered light was collected and collimated with a pair of
convex lenses into the optical fiber through a Raman long-pass filter. A charge-coupled device
camera equipped with a monochromator (PIXIS100 and Spectra Pro 2300i, Princeton Instruments)
was used as the detector. For the non-polarized measurements, a 4/4-wavelength plate was inserted
in the excitation light path. The non-polarized Raman spectra were collected with an exposure time
of 1 s and accumulated 10 times. For polarized Raman spectroscopy, a A/2-wavelength plate and
wire-grid polarizer were inserted in the optical path as the polarizer and analyzer, respectively. The
polarized Raman spectra were accumulated 20 times with an exposure time of 1 s. The polarized

states were xx, yx, and yy to the specimen, where the x axis is the stretching axis.
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Fig. 1. Raman spectrum of PE/LP (42/58) (circles) and the fitted curve (solid line).
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Fig. 2. In situ polarized Raman spectra of PE/LP (42/58) at various strains.

Table 2. Vibrational modes and phases for the Raman bands of PE [25-28].

Raman shift /cm'! Mode Phase
1063 Anti-symmetric stretching (C-C) Trans chain
1080 Stretching (C-C) Amorphous
1130 Symmetric stretching (C-C) Trans chain

The Raman spectrum of PE/LP (42/58) is shown in Fig. 1. The vibrational modes and phases of
the PE resin are listed in Table 2. As shown in Fig. 1, the experimental Raman spectrum (circles) is
successfully fitted by a sum of Voigt functions (solid curve). The polarized Raman spectra of PE/LP
(42/58) at various strains under three polarization conditions are shown in Fig. 2. The 1063 cm™!
band assigned to the anti-symmetric stretching mode is not affected by the polarization conditions,
but the 1130 cm™ band under the xx geometry shows a much stronger peak than under the other
conditions, indicating high orientation along the stretching direction (x axis).

The orientation parameters <P>> and <Ps> as a function of the chain orientation angle 8 with

respect to the draw axis are given by [29]

(P, :3<COS;6>_1 (1)
<P4> _ 35<cos4 t9>—30<cos2 0>+3. @)
8

These orientation parameters of the crystalline chains of the wet PE gel were determined using the
intensities of the 1130 ¢cm™! band under the xx, xy, and yy geometries [23,30-32]. Although the
amorphous band at 1080 cm! also shows appreciable polarization dependence, the Raman tensor for
this band is not assigned to the 4, symmetry which is prerequisite for determining orientation

parameters [29]. Note that we confirmed that the Raman spectrum of LP is appreciably weaker than



that of the PE gel, and no prominent peak is observed at around 1130 cm™!. <P>> is a measure of the
average orientation, and the combination of <P»> and <Ps> enables us to describe the orientation

distribution. The most probable value <Ps>n, for a given <P»> is approximately given by [29,33]

(P,) =-0.083(P,)+1.366(P,)" —~1.899(P,)* +1.616(P,)" 3)

mp -
for positive <P»>, and

(P,),, =0.052(P,)+1.574(P,)" +3.968(P,)’ +8.057(P,)" )

for negative <P»>. A <P4> value that is larger or smaller than the most probable value indicates that
the orientation distribution is bimodal or unimodal, respectively [33,34].
The orientation distribution function (ODF) is expressed as a Legendre expansion as [33]

(21+1

NO)= Y

I=even

5 )<B>E<cos0>, ®)
where Pi(x) is the /-th Legendre polynomial. Although Raman spectroscopy only gives <P»> and
<Ps>, the higher rank orientation parameters can be estimated by maximizing the information

entropy of orientation. The most probable ODF is given by [24,29,33]

exp[)Lsz (cosB)+A,P,(cos 9)]

N(O)=— ,
fo sianH-exp[)L2132(cos9) + A4P4(cosH)]

(6)

where A2 and A4 are the Lagrange multipliers determined to satisfy the following constraints for the

experimental <P>> and <Ps> values:

<13> = [[sin6d6- P(cosO)N(0) (1=2,4) (7)

Results and discussion

SEM images of the dried PE gels before stretching are shown in Fig. 3. The dried PE gels have a
cellular structure with cell sizes of ~1 um, and the cell size slightly decreases with increasing PE
content [11,35].

The WAXD profiles of the dried and wet PE gels along with that of bulk PE are shown in Fig. 4.
The intensity of the amorphous halo for the PE gels is appreciably larger than that for bulk PE, but
the crystalline peaks at §= 21° from the (110) plane and 23° from the (200) plane are essentially the
same, indicating that the crystalline structure of the PE resin is unaffected by gel formation. Then, it
is likely that the wall of the cellular structure is mainly made of stacked lamellae, as demonstrated

for PE gels formed in semi-dilute solutions [4,9].
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Fig. 4. WAXD profiles of bulk PE and the PE gels before (wet) and after (dried) extraction.

The dynamic mechanical spectra of the wet PE gels with various PE contents are shown in Fig. 5.
The storage (£) and loss (£'") moduli gradually decrease with decreasing PE content, but the overall
spectral shape is unchanged and tan §is almost the same irrespective of the PE content, as shown in
Fig. 5(b). The stress exerted on the PE gels is thus concentrated on the crystalline portion of PE. As

shown in Fig. 5(c), the master curve obtained by the vertical shifts of £’ and £’ can be expressed as
E' & =b¢E', E"eff=b¢E", (8)

The shift factor b, is plotted against the PE content in Fig. 5(d). The PE concentration dependence of
the shift factor is given by a power law with an exponent of —1.5. This exponent is similar to that of

the Young’s modulus for open cell foam at sufficiently low relative density (—2.0) [36]. This suggests



that deformation of the PE gels at low strain can be interpreted as elastic deformation of the cellular
structure in the PE gel.
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Fig. 5. Temperature dependence of (a) £’ and £"and (b) tan ¢ for PE gels with various PE contents.
(c) Vertically shifted dynamic mechanical spectra. (d) Scale factor b, plotted against the PE content.
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The stress—strain curves of the wet PE gels are shown in Fig. 6. Although the stress level clearly
depends on the PE content, the overall behavior is similar to that of bulk PE, where the stress
linearly increases until the yield point and then linearly increases again beyond the yielding region.
Note that the notched specimen exhibits no necking plateau (see Fig. 6) because the neck expands
into the entire portion of the gauge region immediately after the neck is initiated. The yield stress is
approximately proportional to the PE content, suggesting that the exerted stress is solely loaded on
the lamellae crystallites in the walls of the cellular structure. The yield stress decreases and the yield
point becomes obscured with decreasing PE content, but the yield strain remains constant at ~1.3.
The strain-hardening coefficient decreases with decreasing PE content, as previously reported [37].
Because the strain-hardening coefficient is proportional to the network density in the amorphous
phase between oriented lamellae crystallites [38], the more gradual slope at lower PE content can be
explained by lowering of the network density by dilution. The natural draw ratio Ax determined by
the Considére construction [12] is plotted against the PE content in Fig. 7. An increase of the PE
content gives lower An, suggesting enhancement of the crystalline orientation in the walls of the
cellular structure.

SEM images of dried PE/LP (42/58) at various strains are shown in Fig. 8. Collapse of the cellular
structure is observed beyond the yield point (¢= 2.0), followed by formation of a fibrillar structure at
high strain of £= 7.0. These observations indicate that the cellular structure begins to collapse at the
yield point and the morphology transforms to a fibrillar structure in the highly stretched region.
Similar morphological changes have been observed for UHMWPE gels [13]. The present
interpretation is consistent with the SAXS/WAXD measurements [2,3], where fragmentation of the
lamellar structure into a block-like structure is followed by formation of fibrillar structures aligned in
the stretching direction.

The strain dependence of the orientation parameters and the stress—strain curves of the wet PE
gels are shown in Fig. 9. In the elastic region, the orientation parameters <P>> and <Ps> are
essentially zero, indicating that the PE gels remain unoriented. Beyond the yield point, <P»> and
<Ps> increase with increasing strain, indicating the onset of molecular orientation. The onset strains
are essentially the same, which is consistent with the fact that the yield strains are essentially
constant. The <Ps> values are clearly larger than the most probable values <Ps>mp. The large <Ps>
values are characteristic of deformation of the PE gels, because <Ps> is essentially the same as
<Ps>mp for bulk PE, except for the yielding region where <Ps> is appreciably lower than <Ps>m,
[23,39]. Both <P>> and <Ps> linearly increase with increasing strain beyond the yield point, but the
slope is steeper for PE gels with higher PE content, indicating that molecular orientation proceeds at

a higher rate, presumably because of the high concentration of entanglement points.

10
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Fig. 9. Stress—strain curves and strain dependence of the orientation parameters for (a) PE/LP

(29/71), (b) PE/LP (42/58), and (c) PE/LP (70/30).

The strain dependence of the orientation parameter <P»> for various PE contents is shown in Fig.
10. The onset of orientation is located at strain of about 1.3 irrespective of the PE content, as
observed for the yield strain. Moreover, an increase in the PE content results in an increase in the
rate of increase of <P>>. We define the effective strain g as

B (5 ~ Eyiad )

8eff_ ]
4

)

where ay4 is a scale factor for orientation. Setting ay = 1 for PE/LP (70/30) as a reference, the scale
factors were determined to give the master curve in Fig. 10(b). The master curve suggests that
addition of LP to the PE gel results in delay of orientation of the crystalline chains while maintaining
the overall deformation mechanism. Considering that the natural draw ratio increases with
decreasing PE content (see Fig. 7), it is plausible that a decrease in the effective strain of the PE
matrix leads to an increase in the maximum draw ratio. In Fig. 10(c), the scale factor a4 for the
orientation parameter <P>> is plotted against the PE content and compared with scale factor b4 from
DMA analysis. Surprisingly, these two factors coincide, suggesting that the effect of the PE content
on the deformation mechanism is consistent over the entire stretching process from the elastic region
(DMA) to the highly deformed region (<P>>). In order to clarify the precise physical meaning of the
shift factors such as the plastic deformation, we need to characterize the localized strain under

tension.

11
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The ODFs for the wet PE gels are shown in Fig. 11. The ODF is constant irrespective of the polar
angle up to strain of ~1, indicating random orientation. Beyond the yielding region, molecular chains
oriented in the 30—60° direction from the stretching axis appreciably decrease, resulting in a biaxial
orientation parallel and perpendicular to the stretching direction. The peak at &= 0° becomes more
prominent with increasing strain owing to evolution of the orientation with increasing strain, but the
peak at 6= 90° persists even at high strain, indicating that biaxial orientation is maintained. Biaxial
orientation is also observed for PE gels with high PE content, but the peak at &= 0° becomes more
prominent with increasing PE content. We have confirmed that the ODFs are consistent with the

two-dimensional WAXD patterns of the stretched wet PE gels (see S-1 in Supporting Information),

12



though the biaxially-orientated pattern is weak presumably due to much lower orientation in the

perpendicular direction (6= 90°) than along the stretching direction (6= 0°).
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Fig. 11. ODFs at various strains for (a) PE/LP (29/71), (b) PE/LP (42/58), and (c) PE/LP (70/30).
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Fig. 12. <P»>—<Ps> diagram for PE gels with various PE contents during uniaxial stretching. The

most probable values for <Ps> calculated by Egs. (3) and (4) are shown by the dot-dashed line.

The similarity of the orientation behavior of the wet PE gels is highlighted by the <P>>—<Ps> plot
in Fig. 12. The relation between <P»> and <Ps> is almost independent of the PE content, indicating
that the overall mechanism of deformation is not affected by the PE content and the degree of
orientation is suppressed with decreasing PE content. The <Ps> values are markedly larger than the
<Ps>mp values, indicating biaxial orientation. Biaxial orientation is not observed for bulk PE
[23,24,39-41], suggesting that inhomogeneity in the wet PE gels is responsible for the orientation
behavior; a portion of the lamellar crystals in the wall of the cellular structure remains somewhat
undeformed.

The elastic deformation of the cellular structure is essentially unaffected by the PE contents,

13



because £’ and E" are scaled with vertical shifts with Eq. (9) and the yield strains remain unchanged.
Although the crystalline orientation is suppressed by addition of LP, the deformation mode remains
biaxial, presumably because of the intrinsic inhomogeneity of the stress transmission during
stretching. It is plausible that the fluctuation caused by the inhomogeneity embedded in the PE gel
leads to the cellular structure. Moreover, the PE content dependence of <P>> at high strains is scaled
with an offset by the yield strain as Eq. (9). Considering the identical power law for the PE content
dependence of these two scale factors (ag4, by~ ¢71), we suggest that the decrease in the effective
strain with decreasing PE content in the post-yielding region simply results in depression of

orientation without affecting the overall deformation mechanism.

Conclusions

In situ Raman spectroscopy has revealed the molecular orientation behavior of the crystalline
chains in wet PE gels during uniaxial stretching. The orientation parameter <P»> begins to increase
beyond the yield point, and it approaches an asymptotic value at high strain, indicating orientation
toward the stretching direction. The <P>> value at high strain increases with increasing PE content,
presumably because of enhancement of entanglement, but the approximately linear relation between
<P»> and <Ps> owing to biaxial orientation holds during the entire stretching process irrespective of
the PE content. Biaxial orientation can be explained by inhomogeneous deformation in the cellular
structure. The relevance of the cellular structure is supported by the power law with an exponent of
~1.5 for the PE content dependence of the shift factors for DMA analysis in the elastic region and
<P>> in the highly stretched region, because it is close to that for elastic deformation of foams with

low relative density of 2.0.
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